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a b s t r a c t

Lipoteichoic acid (LTA), a major component of the cell wall of Staphylococcus aureus (S. aureus), is not gen-
erally considered as an ideal vaccine candidate since it is a thymus-independent antigen. In this study, we
screened a 12-mer phage peptide library and identified a series of peptide sequences that can mimic the
epitope of LTA. A tetra-branched multiple antigenic peptide, named MAP2-3, comprising one of the pos-
itive peptide sequences (GHKEDRQWCQHS), was synthesized. Immunization with MAP2-3 induced LTA-
specific IgG antibodies, prolonged the survival time, and decreased the bacterial burden in organs of mice
infected with S. aureus. Moreover, passive immunization with polyclonal anti-MAP2-3 sera reduced bac-
terial load in organs of mice with bacteremia, alleviated acute lung injury in mice with pneumonia, and
decreased the size of lesions in mice with skin infection. The number of LTA-specific antibody-secreting
cells in the spleen of MAP2-3 immunized mice were significantly higher than that in the control mice. In
summary, as a surrogate of LTA, vaccination with MAP2-3 elicited humoral immune response and pro-
tected mice from S. aureus infection. This study provides a new option to design vaccines against S. aureus.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

S. aureus, one of the most common Gram-positive bacteria col-
onizing human hosts, can cause a broad spectrum of diseases
including skin and soft tissue infections, bacteremia, pneumonia,
and septic shock [1,2]. The emergence of some antibiotics-
resistant strains, such as methicillin resistant S. aureus (MRSA),
makes the treatment tougher and leads to higher healthcare costs
and mortality rate [3,4]. Given this fact, there is a need to develop
novel immunoprophylaxis and immunotherapy strategies against
S. aureus.

Lipoteichoic acid (LTA) is an essential component of cell wall
that is expressed steadily on the surface of S. aureus. The structure
of LTA varies and has been grouped into five different types (type I
to V). Type I LTA, found in a large range of Gram-positive bacteria
such as S. aureus, Bacillus subtilis (B. subtilis) and Listeria monocyto-
genes, has been well characterized [5]. The basic structure of type I
LTA backbone is formed by conserved, unbranched, repeating units
of 1, 3-glycerolphosphate that is linked to the cytoplasmic mem-
brane via a glycolipid anchor. The hydroxyl groups of the C2 posi-
tion of glycerol are modified with D-alanylation and/or
glycosylation [5,6]. Recent works have demonstrated that LTA is
essential for the pathogenicity and survival of S. aureus under
low-osmolarity conditions [5]. D-Alanylation of LTA regulates
autolysis [7], host cell adhesion [8], biofilm formation [9], as well
as penetration of blood-brain barrier [10]. Moreover, LTA and
another cell wall component peptidoglycan (PGN), can act in syn-
ergy to induce systemic inflammation and multiple organ failure
[11]. Despite the fact that LTA is a crucial component of S. aureus,
as a thymus-independent antigen (TI antigen), it has weak
immunogenicity and cannot sufficiently induce immune memory
[5].

Phage-displayed peptide library is a useful tool for identifying
peptide sequences that mimic epitopes of carbohydrates expressed
on tumor cells or bacteria cell surface [12]. Peptide mimic coupled
with carrier proteins, acting as a thymus-dependent antigen (TD
antigen) and a surrogate for carbohydrate, has been used as a vac-
cine candidate to induce immune responses, thereby protecting
the hosts from infections [13–16]. However, peptide conjugated
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carrier proteins might be associated with some undesirable effects
including the induction of antibodies against the protein itself and
suppressing the production of anti-peptide antibodies [17]. As an
alternative, multiple antigenic peptide (MAP) has been used as
an immunogen for developing vaccines against various pathogens
[18–21]. MAPs are synthetic peptides in which lysine residues are
used as the scaffolding core to support the formation of maximally
eight branches with varying or the same peptide sequences. Com-
pared to linear peptide, MAP is more stable and big enough for
immunization without crosslinking with any carrier protein [18].

In this study, we screened a phage displayed peptide library and
obtained a series of peptide that can mimic the epitope of LTA. A
MAP derived from a positive sequence was synthesized. We further
investigated the antigenicity, immunogenicity, and protective
properties of this MAP in mouse models infected with S. aureus.
2. Materials and methods

2.1. Phage peptide library, LTA, and antibodies

A PhD-12 phage display peptide library kit (Cat No. E8110S) was
purchased from New England Bio Lab Inc. LTA derived from S. aur-
eus (Cat No. L2515) was purchased from Sigma. Monoclonal anti-
body against LTA from many Gram-positive bacteria (Cat No.
MA1-7401) was purchased from ThermoFisher Scientific. Another
LTA mouse mAb (Cat No. LS-C102921), reacting with LTA from Lis-
teria monocytogenes, was purchased from LifeSpan Biosciences Inc.
Details about other antibodies and reagents used in this study are
summarized in Supplementary Tables 1 and 2.

2.2. Preparation of bacteria

S. aureus (methicillin sensitive S. aureus, MSSA, ATCC 25923), S.
epidermidis (ATCC 12228), S. pyogenes (ATCC 19615), E. coli (ATCC
25922), E. faecium (ATCC 35667), and E. faecalis (ATCC 29212) were
purchased from Wenzhou Kont Biology and Technology. All the
bacteria were grown in tryptic soy broth (TSB) or LB at 37 �C with
250 rpm shaking for overnight. Cells were then collected, washed,
and diluted with sterile phosphate buffered saline (PBS) to an
appropriate concentration.

2.3. Animals and ethics statement

BALB/c mice and C57BL/6 mice (5–6 weeks old, female), and
New Zealand rabbit (female, average weight: 1 kg) were purchased
from the Experimental Animal Center, Southern Medical Univer-
sity, Guangzhou, China. All of the animal experiments were
approved by the Institutional Animal Care and Use Committee of
the Southern Medical University (permit number: L2015070) and
carried out in strict accordance with national guidelines for animal
welfare. S. aureuswas not detected by ELISA in serum samples of all
animals before immunization.

2.4. Panning clones from phage peptide library

Clones that mimic LTA were screened from the phage peptide
library by using both surface panning and solution-phase panning
procedures. In surface panning procedure, phage particles
(1.0 � 1011 pfu) were added to the plate coated with 20 lg/ml
anti-LTA mAb (MA1-7401) and incubated at room temperature
for 60 min with gentle rotation. Bound particles were eluted with
50 ll 0.2 M glycine/HCl buffer (pH 2.2) containing 1 mg/ml BSA,
followed by neutralization with 1 M Tris/HCl buffer (pH 9.1).
Solution-phase panning with affinity bead capture was also per-
formed. Briefly, phage particles (1.0 � 109 pfu) was incubated with
10 ng mAb MA1-7401 for 20 min at room temperature, mixed
gently with the Protein A/G-agarose that had been blocked with
5 mg/ml BSA, and incubated for 15 min. The beads were then
washed, and the bound phage clones were eluted as described
for the surface panning procedure. For both panning procedures,
the eluted phages were titrated, amplified and purified for the next
round of screening. After three rounds of panning, plaques ran-
domly selected from the titering plates were analyzed by ELISA.

2.5. Detection of phage clones by ELISA and sequencing of phage clones

96-well microplates were coated withMA1-7401mAb or PBS as a
control at 4 �C for overnight followed by blocking with 1% casein.
The phage-containing supernatant from each individual clone was
added into the wells and incubated at 37 �C for 30 min. HRP-
conjugated anti-M13 mAb was then added (37 �C for 30 min). Color
reactions were developed by using tetramethylbenzidine (TMB) with
hydrogen peroxide. Plates were read at 450 nm using an ELISA
reader (Perkin Elmer precisely 2030 Multilabel Reader, VictorTM X4).

Positive clones identified by ELISA were amplified, and their
single-stranded DNA was isolated for DNA sequencing by Invitro-
gen Inc. (Shanghai, China).

2.6. Synthesis of linear peptides and MAPs that mimic LTA

All peptides, including the linear peptides and tetra-branched
multiple antigenic peptides were synthesized with purity above
90% by Hybio Pharmaceutical (Shenzhen, China). Peptides L3 and
MAP3 were dissolved in DMSO at 100 mg/ml, and other peptides
were dissolved in endotoxin-free water (Sigma) at 50 mg/ml. All
peptides were diluted in sterile PBS when used in assay.

2.7. Detection of synthetic peptides by ELISA

For examination of linear peptides, Biotin-labeled peptides
were added into the wells coated with 5 lg/ml mAb against LTA
(MA1-7401 or LS-C102921) and incubated at 37 �C for 30 min, fol-
lowed by detection with HRP-labeled streptavidin. For examina-
tion of MAPs, 5 lg/ml mAb against LTA was added to wells
coated with different MAPs and incubated at 37 �C for 40 min.
HRP-labeled goat anti-mouse IgG was then added followed by
color reaction for detection.

2.8. Immunization with MAPs and detection of immunized sera

The protocol of vaccination was based on our previous study
with slight modifications [21]. Briefly, BALB/c or C57BL/6 mice
(5–6 weeks old, female) were randomly divided into three groups.
The first two groups were subcutaneously (s.c.) injected with
MAP2-3 and MAPctrl (a lysine-based, tetra-branched scaffold used
as control MAP) (100 lg/mice), respectively, for four to five times
at 2-week intervals. The first immunization was performed in Fre-
und’s complete adjuvant (Cat No. F5881, Sigma) and the subse-
quent booster immunizations were administered in Freund’s
incomplete adjuvant (Cat No. F5506, Sigma). The third group of
mice, without any peptide immunization, was breed at the same
time and used as a blank control. Serum samples were collected
through retro-orbital bleeding 7 days after each immunization
cycle and frozen at �70 �C for later use.

The specificity of antibody in serum samples was measured by
indirect ELISA. Briefly, MAP2-3 (10 lg/ml), LTA, PGN, and LPS (each
in concentration 10 lg/ml), as well as ultrasonic products of bacte-
ria (S. aureus, S. edpidermidis, S. poygens, E. faecium, and E. coli) were
coated in 96-well plates at 4 �C for overnight. All wells except those
coated with S. aureus ultrasonic products were blocked with 0.25%
casein. To avoid binding of staphylococcus protein A to IgG, wells
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coated with S. aureus ultrasonic products were blocked with 0.25%
casein containing 1% guinea pig sera. Serum samples were subse-
quently added as primary antibodies, followed by incubation with
HRP-conjugated goat anti-mouse IgG (H + L). The titer of antibody
was defined as the highest dilution that gives more than two times
the absorbance values of the blank control.

To determine the class/subclass of immunoglobulin (Ig) in
serum samples, the sera (1:100 dilution) were added into the wells
coated with LTA from S. aureus and incubated at 37 �C for 40 min.
Plates were then washed followed by incubation with isotype
specific reagents (including goat anti-mouse IgG1, goat anti-
mouse IgG2a, goat anti-mouse IgG2b, goat anti-mouse IgG3, goat
anti-mouse IgM, and goat anti-mouse IgA) at 37 �C for 30 min.
The wells were washed and incubated with HRP-labeled rabbit
anti-goat IgG at 37 �C for 30 min.

To prepare rabbit anti-MAP2-3 sera, New Zealand rabbits were
immunized by intradermal injection with 1 mg MAP2-3 emulsified
with Freund’s adjuvant at day 0, 21, 35 and 49. The specificity and
titer of rabbit serum samples were determined by ELISA as
described for mice samples. Seven days after the last immuniza-
tion, the rabbits were anesthetized with 20% urethane (5 mg/kg),
and serum samples were collected for opsonophagocytosis assay
and passive immunization.
2.9. Opsonophagocytosis killing assay

Modified opsonophagocytosis killing assay was performed as
previously described [22,23]. Briefly, mouse neutrophil granulo-
cytes were isolated by using anti-Ly-6G microbead kit with purity
up to 90% as determined by flow cytometry. S. aureus
(1 � 103 CFU) was first incubated with heat-inactivated rabbit
antisera (final dilution was 1:400) at room temperature for
10 min. Purified mouse neutrophil cells (1 � 105 cells/well)
together with fresh guinea pig serum (final concentration: 1%)
used as complement were then added to the bacteria/antisera
mixtures. Plate was then under agitation at 150 rpm at 37 �C for
1 h. Samples were cooled on ice for 20 min to terminate the
reactions and transferred to TSA plates (10 ll/well) for calculating
colony forming unit (CFU). Percent killing (%) = [1-CFUs in
Fig. 1. Reactivity of phage clones with anti-LTA mAb (MA1-7401) detected by ELISA. (A) B
phage clones from solution-phase panning. (C) Dose-dependent binding assay for phage c
No. 2–3 from solution-phase panning.
wells (sera + complement + cells + bacteria)/CFUs in wells (cells +
bacteria + complement)] � 100%.

2.10. Systemic infection in mouse with active immunization

Experiments using systemic infection models were performed
as previously described [21]. Briefly, BALB/c or C57BL/6 mice were
infected with S. aureus (1 � 108 CFU/mouse in septic shock model
or 2 � 107 CFU/mouse in bacteremia model) via tail vein injection
(i.v.) 7 days after the last immunization. The mortality was moni-
tored for 10 days in the septic shock model and the bacterial load
in tissues was measured at day 3 in the bacteremia model.

2.11. Mouse models for passive immunization

Three different mouse models were created by using BALB/c
mice (female, 6–7 weeks old) for passive protection experiments
as described in previous studies with minor modifications
[22,24]: (1) Bacteremia model: rabbit sera (100 ll/mouse, i.p.)
were given to the mice 24 h prior to S. aureus challenge
(2 � 107 CFU/mouse, i.v.). The bacterial load in blood and organs
were determined at indicated time points. (2) Pneumonia model:
Bacteria (4 � 109 CFU/ml, 10 ll) and serum samples (10 ll) were
mixed and intranasally administered to mice anesthetized with
pentobarbital sodium (50 mg/kg, i.p.). After infection for 24 h, the
lung tissue was aseptically isolated and the bacterial burden was
determined. (3) Skin abscess and dermonecrosis model: S. aureus
(2 � 107 CFU/mouse), together with the antisera, was subcuta-
neously injected in the shaved flank of anesthetized mice. The skin
abscess mass and dermonecrotic area was monitored for 14 days.
Area of dermonecrotic lesion was measured by using a standard
formula [Area = (p/2) � length � width] according to Bagnoli F
et al.’s work [22].

2.12. Measurement of bacterial burden and histopathology

BALB/c or C57BL/6 mice were sacrificed at indicated time points
after infection. Blood was aseptically collected. The spleen, unilat-
eral kidney, lungs or skin abscess were aseptically isolated and
inding assay for phage clones identified from surface panning. (B) Binding assay for
lone No. 3 from surface panning. (D) Dose-dependent binding assay for phage clone



Table 1
Peptides identified from phage display library screen.

Phage clones identified Amino acid sequences

Surface panning procedure
3,5,15,22,23,26,29 VHWDFRQWWQPS
4,13,16,19 WHWSWIYSTMNP
6 IHWWWAGSRTT
12 WHLWPSWWRNDT
18 LTFYPVRTQSTH
20 WHWDKWWYYQVE
28 FHWWLSTQPYGT
25 WNIEYVMGYMTL

Solution phase panning procedure
2 GHWDFRQWWQPS
2–3 GHKEDRQWCQHS
4 APVAPFLSGWQL
13 MYNEPARPPVGL
14 VHWDFRQWWQPS
15 RKVKRRPRVSNL
16 GISSFPIRAASP

Conserved residues in peptides were highlighted in black.
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homogenized with 2 ml sterile PBS or PBS containing 0.01% Triton
X-100 (for skin). Blood and tissue homogenates were then plated
on agar media and CFUs were determined after overnight culture
at 37 �C. For histological analysis, tissue sections were stained with
hematoxylin and eosin (H&E) and images were obtained using a
Nikon eclipse Ni light microscope (Japan) [25].
2.13. Splenocytes isolation

One month after the last immunization, BALB/c mice were
injected intraperioneally with heat-killed S. aureus (2 � 107
Fig. 2. Reactivity of synthetic peptides with LTA-specific mAbs determined by ELISA. (A)
(GHKEDRQWCQHS) from solution-phase panning, L3 sequence was derived from clone 3
epitope. (B) Binding of L2-3 in a serial dilution with MA1-7401 mAb, a monoclonal antibo
L2-3 or L3 linear peptide with MA1-7401, and LS-C102901, another antibody specifica
(molecular weight: 7726.3). (E) Structure diagram of MAPctrl, a lysine-based tetra-branc
with two different LTA-specific mAbs. Data are expressed as mean ± SEM. For statistical a
performed to examine the difference in antibody reactivity between the two peptides. p
CFU/mouse). Five days later, splenocytes were prepared by squeez-
ing the spleen in RPMI 1640 medium. Erythrocytes were lysed with
RBC lysis buffer (eBioscience). After being washed with RPMI1640,
splencoytes were resuspended with RPMI1640 medium containing
10% calf serum.

2.14. ELISPOT assay

Enzyme-linked immunospot (ELISPOT) plates (MultiScreen-IP
Filter Plate, MAIPS4510, Millipore) were coated with LTA (10 lg/
ml) or heat-inactivated S. aureus (2 � 104 CFU/well) and incubated
at 4 �C for overnight. The plates were blocked with RPMI1640 med-
ium containing 10% calf serum at room temperature for 2 h.
Splenocytes (4 � 105/well) were then added into the wells and
incubated at 37 �C for 24 h. Cells and the medium were decanted
from the plates, and the plates were washed for three times with
0.05% PBST. HRP conjugated goat anti-mouse IgG (H + L) was added
subsequently and incubated at 4 �C for overnight. The plates were
extensively washed and developed with substrate solution con-
taining AEC (Sigma) and H2O2. The reaction was terminated with
H2O. After drying, the plates were read using a CTL analyzer (CTL
S5 micro, Cellular Technology Ltd.).

2.15. Statistical methods

Numeric measurements were expressed as means ± SEM. Five
to eighteen mice were used in each experiment, and experiments
under the same condition were repeated two to three times. For
peptide antigenicity and antibody specificity, the comparison was
performed using either one-way ANOVA or Student’s t-test. For
comparison of ELISPOT data, nonparametric test was used. For
Sequences of the three linear peptides: L2-3 sequence was derived from clone 2–3
(VHWDFRQWWQPS) from surface panning, SP27 is a linear peptide mimicking PGN
dy specifically reacts with LTA from different Gram positive bacteria. (C) Binding of
lly reacts with LTA from Listeria monocytogenes. (D) Structure diagram of MAP2-3
hed scaffold used as control MAP (Molecular weight: 402.5). (F) Binding of MAP2-3
nalysis, least significant difference (LSD) in one-way ANOVA or Student’s t-test was
-values: *p < 0.05, **p < 0.01, ***p < 0.001.
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comparison of bacterial load between groups, Mann-Whitney U of
non-parametric test was used. For comparison of survival rate in
murine lethal challenge model, log-rank test was used. P-
value < 0.05 was considered to be statistically significant. All statis-
tical analyses were performed using SPSS version 20.0 software.
3. Results

3.1. Identification of phage clones

We screened a phage displayed peptide library to identify pep-
tides that can mimic the epitope of LTA. After three rounds of
screening, phage clones were isolated and the binding specificity
was examined by ELISA. Seventeen out of the 29 phage clones from
the surface panning procedure (Fig. 1A), and 7 out of the 16 clones
from the solution-phase panning (Fig. 1B) specifically bound
to MA1-7401 mAb, an antibody recognizing LTA from many
Gram positive bacteria. The peptide sequences displayed on the
positive clones are summarized in Table 1. A same sequence
VHWDFRQWWQPS was expressed on eight different clones, of
which 7 were from the surface panning (No. 3, 5, 15, 22, 23, 26,
29), and 1 was from the solution-phase panning (clone 14).
Besides, sequence expressed on clone 2 (GHWDFRQWWQPS) from
the solution-phase panning is nearly identical to the above
sequence, except that the first amino acid is glycine instead of
valine. Moreover, the sequence displayed on clone No. 2–3
(GHKEDRQWCQHS) from the solution-phase panning is also simi-
lar to the above two sequences, as they all have some conserved
amino acids as shown in Table 1. ELISA experiments further con-
firmed that sequence VHWDFRQWWQPS (expressed in clone 3
from the surface panning) and sequence GHKEDRQWCQHS (clone
2–3 from the solution-phase panning) reacted with LTA-specific
mAb in a dose-dependent manner (Fig. 1C–1D).
3.2. Synthetic peptides specifically bound to anti-LTA Abs

Two biotin-labeled linear peptides, L2-3 (containing the core
sequence GHKEDRQWCQHS) and L3 (containing the core sequence
Fig. 3. Specificity of antisera detected by ELISA. Mice were immunized with MAP2-3, M
collected two weeks after the last immunization and pooled for ELISA. (A) Reactivity of se
S. aureus. (C) Reactivity of sera (1:100 dilution, n = 7–9 mice/group) with LTA from S. aure
sera (1:100 dilution) to ultrasonic cleavage fragments of S. aureus, S. epidermidis, S. pyog
dilution) was determined by ELISA 15 days after the last immunization. For statistical ana
values: **p < 0.01, ***p < 0.001.
VHWDFRQWWQPS) were synthesized. To maintain the peptide
structure initially displayed on phage clones, the two core
sequences were flanked by amino acids HS at N-terminus and
GG/GGGS at C-terminus (Fig. 2A). ELISA results showed that both
L2-3 and L3 peptides could react with LTA-specific mAb (MA1-
7401) in a dose-dependent manner (Fig. 2B and Suppl. Fig. 1A).
In contrast, SP27, a peptide that has been proved to mimic the epi-
tope of peptidoglycan (PGN) [21], could not bind to the anti-LTA
mAb (Fig. 2B). Moreover, both L2-3 and L3 could bind to LS-
C102921 mAb, another anti-LTA mAb which recognizes LTA from
Listeria monocytogenes (Fig. 2C). The reactivity of L2-3 to MA1-
7401 or LS-C102921 mAb was significantly stronger than that of
L3 at the same concentration (500 lg/ml) (Fig. 2C).

Based on the sequences of the linear peptides, two tetra-
branched, multiple antigenic peptides, named MAP2-3 and
MAP3, were synthesized using standard Fmoc chemistry. Each of
the two MAPs contains four copies of a single peptide with C-
terminus of each peptide linked with the non-immunogenic,
lysine-based dendritic scaffold (Fig. 2D and Suppl. Fig. 1B).
MAP2-3 peptide could be easily dissolved in PBS, deionized water
or TBS buffer, whereas MAP3 peptide could only be dissolved in
formic acid. Both MAP2-3 and MAP3 reacted with MA1-7401
mAb and LS-C102921 mAb at the same concentration (100 lg/
ml) (Fig. 2F and Suppl. Fig. 1C). In contrast, both the lysine-
based, tetra-branched scaffold for MAP (named MAPctrl. Fig. 2E)
and MAP27 which mimics the conformation of PGN [21], failed
to react with either of the two LTA-specific mAbs (Fig. 2F and
Suppl. Fig. 1C).

3.3. Immunization with MAP2-3 raised IgG antibodies against LTA and
S. aureus

Since MAP3 had poor aqueous solubility, in the rest of this study
we focused on MAP2-3 and examined whether immunization with
MAP2-3 can elicit the production of antigen-specific antibodies. As
shown in Fig. 3A, pooled sera fromMAP2-3-immunized mice reacted
with MAP2-3 at a dilution of 1:103 and reacted with S. aureus LTA at
a dilution of 1:102 (Fig. 3B). Sera from individual mouse also signif-
icantly bound to MAP2-3 or LTA (data not shown). In contrast, sera
APctrl, or breed without immunization. Serum samples (n = 7–9 mice/group) were
rially diluted sera with MAP2-3. (B) Reactivity of serially diluted sera with LTA from
us, Streptococcus, or B. subtilis, PGN from S. aureus, or LPS from E. coli. (D) Binding of
enes, E. faecium or E. coli. (E) Immunoglobulin class of pooled anti-LTA sera (1:100
lysis, one-way ANOVA followed by LSD was used for comparison between groups. p-
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from either the MAPctrl-immunized mice or the blank control mice
failed to react with MAP2-3 or S. aureus LTA (Fig. 3A and 3B). As the
basic structure of LTA is relatively conserved in many Gram positive
bacteria, we next examined whether the serum samples could recog-
nize LTA from different Gram positive bacteria. As shown in Fig. 3C,
pooled anti-MAP2-3 sera significantly reacted with LTA from S. aur-
eus, Streptococcus, and B. subtilis (Fig. 3C). Moreover, the reactivity of
anti-MAP2-3 sera with LTA was specific since the sera did not react
with other glycolipid components such as PGN from S. aureus and
lipopolysaccharide (LPS) form E. coli (Fig. 3C). Anti-MAP2-3 sera also
reacted with ultrasonic cleavage fragments of S. aureus, S. epider-
midis, or S. pyogenes (Fig. 3D).

Ig class/subclass assay showed that MAP2-3 immunization eli-
cited the production of LTA-specific IgG1, IgG2a, IgG2b, as well as
low amount of IgG3 and IgM (Fig. 3E). However, IgA antibodies were
not detected. The kinetics of IgG and IgM at different time points
after immunization were also examined by ELISA. As shown in suppl.
Fig. 2, IgG and IgM specific to MAP2-3 were continuously induced
after the 3rd immunization (the 5th week of immunization).

The rabbit antisera specific to MAP2-3 were also prepared.
As shown in Suppl. Fig. 3, the antisera significantly reacted
with MAP2-3, LTA from S. aureus, or the ultrasonic product of
S. aureus.
Fig. 4. Immunization with MAP2-3 protected BALB/c mice against S. aureus systemic
immunization. The survival rate and the bacterial counts in organs were determined. (A)
dose infection with S. aureus (1 � 108 CFU/mouse). (B-D) Bacterial counts in kidney (B)
(2 � 107 CFU/mouse, n = 5–11 mice/group). (E) Representative photos of hematoxylin-
Magnification of images is 10� for the entire kidney and 100� for the zoomed-in photos.
rank tests were conducted to compare the survival rates between different groups. Mann
Representative results from one of the three experiments are shown. p-values: **p < 0.0
3.4. Vaccination with MAP2-3 protected mice against S. aureus
systemic infection

Since LTA can synergize with PGN to induce sepsis [11], we next
examined whether MAP2-3 immunization could confer protection
in S. aureus systemic infection. In the septic shock model, about
60% of the MAP2-3-immunized BALB/c mice were still alive after
10 days of S. aureus lethal-challenge. In contrast, all of the
MAPctrl-immunized mice and blank control mice died within three
days of infection. MAP2-3-immunized mice had a significantly
higher survival rate than the control (Fig. 4A, p < 0.001).

In the bacteremia model, MAP2-3 vaccination significantly
reduced the bacterial load in kidney, spleen, and lungs (Fig. 4B-
4D). Histopathological image analysis on kidney sections further
demonstrated that MAP2-3-immunized mice had fewer numbers
of abscess lesion and smaller sizes of abscess compared to the con-
trol mice (Fig. 4E).

We also examined the protective effect of active immunization
in another mice strain C57BL/6. Similarly, MAP2-3 immunization
significantly increased the survival rate (Suppl. Fig. 4A), decreased
the bacterial load in tissues (Suppl. Fig. 4B–4D), and reduced the
infiltration of inflammatory cells in kidney of mice infected with
S. aureus (Suppl. Fig. 4E).
infection. BALB/c mice were infected S. aureus via tail vein 7 days after the last
Survival analysis of mice (n = 10/group) with or without immunization after lethal-
, spleen (C) and lung (D) were measured three days after the infection of S. aureus
eosin stained kidney sections from mice four days after the infection of S. aureus.
Infiltration of inflammatory cells in kidney and abscess are marked with arrows. Log-
-Whitney U tests were performed to compare bacterial counts between two groups.
1, ***p < 0.001.
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3.5. MAP2-3 immunization protected mice from infection by eliciting
functional antibodies

Since MAP2-3 immunization could induce LTA-specific antibod-
ies (Fig. 3B, 3C and Suppl. Fig. 3B), we next examined whether rab-
bit anti-MAP2-3 sera could enhance neutrophil cells to kill S.
aureus by using in vitro opsonophagocytosis assay. As shown in
Fig. 5A, the killing percentage of S. aureus mediated by rabbit
anti-sera alone was significantly higher than that by normal rabbit
sera (NRS) (Fig. 5A), while adding complement to the antisera did
not markedly improve the killing rate (Fig. 5A, 35.4% ± 8.3 vs.
38.9% ± 9.4, p-value = 0.55). These results indicate that the protec-
tive effect of MAP2-3 immunization might be mediated partly
through the Fc receptor-mediated phagocytosis. In addition to rab-
bit anti-MAP2-3, mouse anti-MAP2-3 sera could also improve the
neutrophil cells to kill S. aureus (data not shown).

We next evaluated the protective effect of passive immuniza-
tion by using three different infection models. In bacteremia
Fig. 5. Anti-MAP2-3 sera mediated opsonophagocytosis and conferred protection in S. a
(final dilution was 1:400) in the absence or presence of complement. In opsonophagoc
10 min. Purified mouse neutrophils used as effector cells (the effector to target cell ratio w
added and incubated for 1 h. The killing percentage was measured. The result was the a
tests for comparisons between two different groups. (B–E) Bacterial counts in blood and
mice 24 h prior to S. aureus challenge via tail vein. The bacterial counts in blood (B) and
and spleen (E) were determined 3 days after the infection. Results are expressed with
comparisons between two different groups. p-values: *p < 0.05, **p < 0.01, ***p < 0.001;
model, the bacterial load in blood, lung and kidney from the mice
that received anti-MAP2-3 sera was significantly lower than that
from the mice that received normal rabbit sera (NRS) or PBS
(Fig. 5B–5D). There was no significant difference in bacterial counts
in spleens among the three groups (Fig. 5E).

Since S. aureus is commonly involved in respiratory infections,
we also evaluated the protective effect of antisera in a pneumonia
model. Bacterial load in the lungs of mice that received MAP2-3
antisera was significantly lower than that from the mice received
NRS or PBS (Fig. 6A). Moreover, administration of anti-MAP2-3 sera
significantly reduced acute lung injury and infiltration of inflam-
matory cells in lungs as shown in the gross histology pictures
and H&E stained tissue sections (Fig. 6B and 6C).

We next examined the effect of passive immunization on skin
infection [26]. As shown in Fig. 7A, passive immunization with
anti-MAP2-3 sera significantly reduced the abscess volume and
dermonecrosis area when compared to those received PBS or
NRS. Moreover, passive immunization with anti-MAP2-3 sera also
ureus bacteremia model. (A) Bacteria were opsonized with rabbit anti-MAP2-3 sera
ytosis assay, bacteria were first incubated with antisera at room temperature for
as 100:1) together with fresh guinea pig serum (final concentration: 1%) were then
verage of two independent experiments. Data were analyzed using nonparametric
tissues in systemic infection model. Rabbit antisera (100 ll/mice) were given to the
lung (C) were measured 1 day after the infection. The bacterial counts in kidney (D)
mean ± SEM. n = 8–10 mice/group. Data were analyzed using Mann-Whitney U for
ns, no significant difference. NRS represents normal rabbit serum.



Fig. 6. Passive transfer with anti-MAP2-3 sera protected mice against infection in pneumonia model. Bacterial inoculums (4 � 107 CFU/mouse) were pre-mixed with rabbit
antisera (10 ll/mouse) and subsequently delivered into the mice through nose (n = 13–14 mice/group). (A) The bacterial load in lungs was determined one day after the
infection. (B) Representative photos of lung isolated one day after the infection. Pulmonary congestion was clearly observed in lungs of mice administered with NRS or PBS.
(C) Representative photos of H&E stained tissue sections from lungs isolated one day after the infection. Infiltration of inflammatory cells in pulmonary interstitium and
alveolar wall thickening are marked with arrows. Results are expressed as mean ± SEM. Data were analyzed using nonparametric tests for comparisons between two different
groups. Image magnification is 100� in left panel and 200� in right panel. ***p < 0.001. NRS represents normal rabbit serum.
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reduced the bacterial counts in skins 5 days after the infection
(Fig. 7B). In addition, as shown in gross histology pictures and
H&E stained tissue sections, abscess and dermonecrosis was sub-
stantially decreased in the mice received anti-MAP2-3 sera
(Fig. 7C and 7D).
3.6. Immunization with MAP2-3 induced LTA-specific antibody-
secreting cells (ASCs)

If MAP2-3 immunization can elicit specific IgG class antibodies,
plasma cells specifically recognizing LTA or S. aureus would be
developed and activated to produce antibodies after LTA or
S. aureus in vitro re-stimulation. To test this hypothesis, ELISPOT
assay was used to detect the specific antibody-secreting cells
(ASCs). As shown in Fig. 8A and 8B, the number of anti-LTA ASCs
from isolated splenocytes of the MAP2-3 immunized mice was sig-
nificantly higher than that from the control mice (MAP2-3 vs
MAPctrl, 30.36 ± 6.07/106 cells vs 1.33 ± 0.79/106 cells; MAP2-3 vs
blank, 30.36 ± 6.07/106 cells vs 3.15 ± 0.83/106 cells, p < 0.001).
Similarly, the number of anti-S. aureus ASCs from the MAP2-3
immunized mice was markedly higher than that from the control
mice (Fig. 8C and 8D. MAP2-3 vs MAPctrl, 24.24 ± 4.58/106 cells
vs 2.17 ± 0.84/106 cells; MAP2-3 vs blank, 24.24 ± 4.58/106 cells vs
1.92 ± 0.57/106 cells, p < 0.001). Taken together, immunization
with MAP2-3 induced the specific humoral immune response.
4. Discussion

The notion that LTA can be used as a promising target for vac-
cination has been evaluated. For example, vaccination with LTA
purified from E. faecalis elicited the production of opsonic antibod-
ies [27]. To increase the immunogenicity, covalent conjugates of
LTA with carrier proteins such as tetanus toxioid, BSA, and
CRM197 have been created. Immunization with conjugate LTA
induced specific antibodies, thereby conferring protections in dif-
ferent infection models [28–30]. Compared with glycan conjuga-
tion, our peptide mimic of LTA can be easily synthesized in large
quantities with relatively lower toxicity and lower cost. Moreover,
immunization with MAP2-3 significantly induced LTA-specific
antibodies, and protected mice against S. aureus systemic infection.
In addition, passive immunization with anti-MAP2-3 sera also pro-
tected BALB/c mice in three S. aureus infection models.

Since type I LTA structures are relatively conserved in most
Gram-positive bacteria, it is possible that a single vaccine targeting
LTA can be effective against multiple bacterial species. Theilacker’s
study shows that antibodies against E. faecalis LTA could bind to
type I LTA from other Gram positive bacteria and opsonized S. aur-
eus, S. epidermidis, and group B streptococci [27]. Consistently, we
found that anti-MAP2-3 sera could react with LTA not only from S.
aureus, but also from Streptococcus and B. subtilis (Fig. 3C). We also
found that immunization of MAP2-3 reduced bacterial load in kid-
ney from mice infected with Enterococcus faecalis, a bacterium that



Fig. 7. Passive transfer with anti-MAP2-3 sera protected mice against infection in skin abscess model. Bacterial inoculums (2 � 107 CFU/mouse) were pre-mixed with rabbit
antisera (50 ll/mouse) and subsequently administered to mice via subcutaneous injection. (A) Area of abscess and dermonecrosis was monitored once a day for two weeks
(n = 10 mice/group). (B) The bacterial count in skin was measured five days after the infection (n = 18 mice/group). (C) Representative photos of mice five days after the
infection. (D) Representative photos of H&E stained skin sections from mice five days after the infection. In mice administered with rabbit anti-MAP2-3 sera, discrete
inflammatory cells under the skin were observed. In mice administered with NRS or PBS, tissue necrosis (NRS) and abscess foci (PBS) are marked with arrows. Results are
expressed as mean ± SEM. Data were analyzed using nonparametric tests for comparisons between two different groups. Magnification of images in Fig. 7C is 40� in left panel
and 100� in right panel. **p < 0.01, ***p < 0.001. NRS represents normal rabbit serum.
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has a type I LTA structure (data not shown). These results suggest
that immunization with MAP2-3 might be advantageous in devel-
oping a vaccine that would elicit antibodies that cross-react to a
number of Gram-positive pathogens. However, immunization tar-
geting a broad spectrum of bacteria might potentially impact on
the microbiome composition of human host. Thus, the specificity
and the safety of MAP2-3 immunization need to be elucidated in
depth in the future.

We have detected LTA-specific IgG1, IgG2a, IgG2b, IgG3 and IgM
in the sera after the immunization (Fig. 3E). ASCs specifically rec-
ognizing LTA or S. aureuswere also developed and activated to pro-
duce specific IgG after in vitro re-stimulation (Fig. 8). These results
suggest that active immunization with MAP2-3 resulted in the
induction of a significant primary LTA-specific IgG response. An
interesting question will be whether the immunization could also
induce a cellular immune response. To test this hypothesis, we
examined the cytokine production in splenocytes isolated from
immunized mice after re-stimulation by LTA or S. aureus. We found
that both LTA and S. aureus could significantly stimulate the pro-
duction of IL-6 (data not shown). However, we failed to detect
the production of IL-2 and IFN-c, two key cytokines that secreted
by T cells in response to infections. Ramanathan A et al’s work
showed that vaccination with a MAP prophylactic antigen against
lymphatic filariasis could elicit protective humoral response but
low T cell proliferation. The low proliferation of T cells could be
attributed to T/B epitope arrangement on the construct of MAP,
MHC restriction, or incomplete signal delivery by T cell receptor
[31]. Unlike Ramanathan A’s work, MAP2-3 consists of only one
sequence with four copies. Thus, whether MAP2-3 can be recog-
nized by antigen presenting cells such as dendritic cells, and if
so, whether MAP2-3 immunization induces cellular immune
response, as well as how it induces a cellular immune response
need to be further explored in the future studies.
5. Conclusion

In this work, a LTA-memitic, tetra-branched antigenic peptide
(MAP2-3), derived from a phage peptide library screen, was syn-
thesized. Immunization with MAP2-3 elicited specific antisera
against LTA and protected mice from S. aureus systemic infection.
Passive immunization with anti-MAP2-3 sera also protected mice
in three S. aureus infection models. This work will provide a new
option for designing multi-antigen vaccines against S. aureus.



Fig. 8. Frequency of LTA-specific and S. aureus-specific IgG antibody-secreting cells (ASCs). BALB/c mice were immunized with MAP2-3 or MAPctrl for five times with 2-week
intervals. After one month of the last immunization, the splenocytes were isolated. 4 � 105/well cells were added to ELISPOT plates precoated with LTA or heat-killed S. aureus
and incubated at 37 �C for 24 h. Antibody-secreting cells (ASCs) were detected with HRP-conjugated goat anti-mouse IgG. (A) Average frequency of LTA-specific IgG secreting
cells in spleens (n = 3–5 mice/group). (B) Representative photos of LTA-specific IgG ELISPOT results. (C) Average frequency of S. aureus-specific IgG secreting cells in spleens
(n = 3–5 mice/group). (D) Representative photos of S. aureus-specific IgG ELISPOT results. Data are expressed as mean ± SEM. Nonparametric test was used for comparisons
between different groups. ***p < 0.001.
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